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Motor Proteins and the 2nd Law of Thermodynamics
Zhisong Wang.
National University of Singapore, Singapore, Singapore.
Motor proteins doing intracellular transport or rotation consume chemical
fuels (ATP) to make directional motion in an isothermal environment.
From a general physical perspective, any directional motion in an isothermal
environment costs a finite amount of energy, even though no work is done.
Otherwise the 2nd law of thermodynamics would be violated. Hence the
2nd law requires a finite energy price for ‘pure’ direction of a motor protein.
But what is the least possible price, quantitatively speaking? And how close
to this least price are motor proteins? In this talk, I shall show that a universal
equality captures the 2nd-law decreed price of direction, and matches exper-
imental observation of motor proteins like kinesin-1 and F1-ATPase. These
results offer quantitative evidence that the two motor proteins function near
the physical boundary set by the 2nd law. [References: Wang, Hou and
Efremov, J. Chem. Phys. 139, 035105 (2013); Hou and Wang, Phys. Rev.
E 88, 022703 (2013)]
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Para Protein Pattern Formation Drives Bacterial Plasmid Segregation
Ling Chin Hwang1, Anthony G. Vecchiarelli1, Yong Woon Han2,
Michiyo Mizuuchi1, Yoshie Harada2, Barbara E. Funnell3,
Kiyoshi Mizuuchi1.
1NIDDK, National Institutes of Health, Bethesda, MD, USA, 2Institute for
Integrated Cell-Material Science (WPI-iCeMS), Kyoto, Japan, 3Department
of Molecular Genetics, University of Toronto, Toronto, ON, Canada.
DNA segregation is an essential process that ensures that every daughter cell
inherits a copy of genomic DNA. Many bacterial chromosomes and low-
copy-number plasmids such as P1 in Escherichia coli have partitioning systems
to separate and transport genomes towards opposite cell-halves before cell
division. Only three components are required to partition plasmids: a parS
sequence on the plasmid and two proteins, ParA and ParB. It was widely
believed that P1 plasmids segregate similar to a mitotic mechanism in eukary-
otes. Here, we propose that the partition proteins pattern the bacterial nucleoid
using it as a track for plasmid motion. We reconstituted the P1 partition system
in a DNA-coated flowcell to mimic an artificial nucleoid, and visualized the
dynamics with TIRF microscopy. ParA and ParB coated the DNA surface uni-
formly. ParB binds specifically to parS site on the plasmid and stimulated the
disassembly of ParA, an ATP-dependent DNA-binding protein. This generated
a transient depletion zone surrounding the plasmid prior to its motion on the
DNA surface. FRAP measurements showed the partition proteins exchanging
rapidly on DNA without forming any filamentous structures. Our results sup-
port a reaction-diffusion based mechanism, where ParB on the plasmid chases
and redistributes ParA patterns on the nucleoid and in turn drives plasmid
movement.
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Intraflagellar Transport Inhomogeneity in Chlamydomonas IMP3
Mutant
Jonathan M. Kessler1, Anthony Kovacs1, Huawen Lin2, Susan Dutcher2,
Yan Mei Wang1.
1Department of Physics, Washington University, St. Louis, MO, USA,
2Department of Genetics, Washington University, St. Louis, MO, USA.
Genetic disorders that affect the development or function of flagella and
their associated signalizing pathways are collectively known as ciliopathies.
Intraflagellar transport (IFT) is the process that is responsible for the regula-
tion of flagellar growth and signaling. In this study, we perform a single-
molecule fluorescence imaging investigation of IFT in a Chlamydomonas
mutant (IMP3) that exhibits unexplained phenotypes of slower flagellar
regeneration and anterograde IFT speed. Using TIRF microscopy and
two-color imaging, we show that the loading and unloading of flagellar
membrane signaling proteins is compromised in the IMP3 mutant. We first
use BBS4-GFP to quantify IFT speed changes in Chlamydomonas, we
then use two-color imaging of IFT20-mCherry and PKD2-GFP to verify
that these speed changes correspond to the loading and unloading of cargo
membrane signaling proteins onto and from IFT trains, respectively. Prelim-
inary results suggest that the IMP3 mutant is less efficient at the loading of
transmembrane cargo proteins onto IFT trains, thus consequently generating
a signaling defect.1828-Pos Board B558
Synthetic Tools for Delineating Multiple Motor Functions in Living Cells
Michael R. Diehl, David S. Tsao, Eric Kumar.
Bioengineering and Chemistry, Rice University, Houston, TX, USA.
Characterizing the collective dynamics of cytoskeletal motors has become
increasingly important to resolving transport regulatory mechanisms and the
impact of mutated motor molecules in disease. Yet, many analyses multiple
motor behaviors, especially those in living cells, have been limited by inabil-
ities to control and / or characterize the number of motors responsible for cargo
motion, their organization on cargos, as well as the mechanical barriers motors
face during intracellular transport. Here, we describe an approach to engineer
COS7 cells that provides genetic-level control over the densities and ratios
of different motors on vesicular cargos (peroxisomes), as well as the loads
imposed experienced by motors via the regulation of cargo size. Such control
is facilitated by the construction of multi-component gene regulatory constructs
and opens new opportunities to evaluate the collective responses of different
types of motor molecules systematically in living cells. Assays comparing
the collective behaviors of kinesin-1 and myosinVa motors - via analyses of
the responses of peroxisome velocities, run lengths, and position noise to motor
density and cargo size - indicate that multiple myosinVa motors can cooperate
more productively that groups of kinesins. Overall, these results support predic-
tions from in vitro experiments and theoretical analyses suggesting that the sus-
ceptibilities of motor velocity and filament detachment rates to forces are
primary determinants of how effectively teams of motors can cooperate under
the applied load imposed by the COS7 cell cytoplasm. The role of such behav-
iors in mechanisms regulating cargo motion will be discussed.
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Cooperative Mechanics of Multi-Motor Axonal Transport Revealed by
Novel Nanomanipulation in Live Neurons
Praveen D. Chowdary, Daphne L. Che, Chong Xie, Luke Kaplan,
Bianxiao Cui.
Chemistry, Stanford University, Stanford, CA, USA.
Despite remarkable advances in characterizing molecular motors and microtu-
bular transport in vitro, our understanding of intracellular cargo transport is
rudimentary. The intracellular mechanochemical properties and cooperative
mechanics of multiple motors, sharing load and coordinating cargo direction,
are fundamental in this regard. To elucidate these, we developed two novel ap-
proaches for manipulating the transport of axonal endosomes, loaded with
nanoprobes (<100nm) by receptor-mediated endocytosis, in microfluidic
DRG cultures.
Firstly, we show that by culturing neurons in a novel microfluidic-magnetic de-
vice, with axons aligned along high magnetic gradient zones, we can exert pN
forces on axonal endosomes carrying magnetic nanoparticles (MNP~100nm).
TIRF imaging of axonal MNP-endosome transport under external load reveals
that mechanical means alone can transiently reverse endosome directionality.
This suggests that mechanical force balance between kinesins and dyneins is
critical for the regulation of endosome direction.
Secondly, we show that laser-absorption by a gold nanoparticle (GNP~80nm)
in the endosome, stochastically results in the endosome being elastically teth-
ered in axon (mechanism will be discussed). Motors driving the tethered endo-
some gradually come to a stall (like beads held by an optical trap) before
detaching from the microtubule. The instantaneous recoil velocity of the endo-
some following lead-motor(s) detachment is proportional to the multi-motor
stall force. We captured the recoil velocity distribution of dynein-driven retro-
grade and kinesin-driven anterograde endosomes using darkfield imaging at
<2ms time, <5nm spatial resolutions. The peak structure of these distributions
reflects discrete multi-motor stall forces and the peak-separation represents
single-motor detachment velocity. Surprisingly, we find the single-motor
detachment velocity for dynein comparable to that for kinesin suggesting com-
parable single-motor stall forces in this case. Further high-resolution motion
analyses and stochastic modeling of GNP-endosome trajectories reveal several
key signatures of cooperative mechanics, multi-motor force profiles and
detachment kinetics.
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Correlating Cargo Orientation with Molecular Motor Activity during
Axonal Transport
Luke Kaplan, Bianxiao Cui.
Stanford, Stanford, CA, USA.
Axons of neurons present a unique challenge for intracellular transport: with
a diameter of roughly one micrometer and length that can range up to a
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sively with high speed while moving largely unidirectionally. Motile cargoes
must also be able to bypass static organelles which can be hundreds of nano-
meters in size, taking up significant portions of the cross section of the axon.
Defects in this transport are found in a host of neurodegenerative disorders,
including Alzheimer’s and Parkinson’s Diseases. One strategy that cells use
to maintain healthy axonal transport is to provide each cargo with several
copies of different molecular motors. However, details of the regulation
required for appropriate teamwork between the motors are lacking. The
motion that results from the actions of multiple motors moving a single cargo
inside the cell can be complex, and conventional imaging approaches are
limited to measuring the position of cargo along the length of the axon.
We present an experimental approach to measure an additional parameter -
cargo orientation. By constructing a dual-polarization dark field microscope,
we achieve a high throughput readout of position and orientation of gold
nanorod-containing endosomes in primary neurons with millisecond resolu-
tion. This allows us to relate particular translational-orientational behaviors
specifically to teams of either kinesins or dyneins. We observed that changes
in cargo velocity correlate with changes in orientation particularly at transi-
tions between paused and moving states. Furthermore, we find that cargoes
with similar translational dynamics can have very different orientational
behavior and individual cargoes, though of identical origin, differ in global
orientational dynamics.
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Dynamics of Annexin A6 Modulates Atrial Natriuretic Peptide Driven
Counter-Hypertrophic Responses in Cardiomyocytes
Priyam Banerjee, Arun Bandyopadhyay.
Cell Biology and Physiology, CSIR-Indian Institute of Chemical Biology,
Kolkata, State: West Bengal, India.
Deregulations in pathways controlling cell-size are prominent in maladaptive
cardiac hypertrophy. Here, we show annexin A6 (Anxa6) to be a crucial regu-
lator of counter-hypertrophic signaling in cardiomyocytes. Adrenergic agonist
phenylephrine (PE) increased cell-size of H9c2 cardiomyocytes with charac-
teristics of hypertrophic transformation and remodeled cytosolic Anxa6 distri-
bution with elevated expression. Controlled up-regulation of Anxa6 protected
the cells against PE but knockdown augmented the hypertrophic responses
albeit abrogated juxtanuclear accumulation of secretory proANP granules
(proANP-SG), a hypertrophic marker with counter-hypertrophic functions,
without affecting proANP transcript levels. PE treatment also altered dy-
namics of Anxa6 on a temporal scale that paralleled its progressive and
kinetic association with proANP anterograde translocation. Mutagenesis
studies mapped the structural features necessary for de facto localization of
Anxa6 and its relationship with proANP. Anxa6 mutants that failed to
associate with proANP because of domain deletion or defective localization
abrogated proANP-mediated protection against PE that could be rescued, at
least partially, by full-length Anxa6. Elevating intracellular Ca2þ also
induced Anxa6-proANP as-
sociation, which were abol-
ished by Ca2þ chelation.
Thus, present study re-
ports a triggering function





HIV-1 Nef Employs Cellular Autophagy Machinery to Downregulate CD4
Chih-Jung Hsu, Jennifer Lippincott-Schwartz.
Eunice Kennedy Shriver National Institute of Child Health and Human
Development (NICHD), National Institute of Health (NIH), Bethesda, MD,
USA.
During HIV infection, expression of the viral protein, HIV-1 negative regu-
latory factor (Nef) leads to the lysosomal degradation of CD4 and other
surface molecules. In addition, lysosome degradation through autophagy is
upregulated. Here, we investigated whether autophagosomes participate
in directing CD4 to lysosomes in Nef-expressing cells. Autophagosomes
are membrane-bounded structures formed in response to specific stimuli
(including starvation and buildup of ubiquitinated protein aggregates).
They engulf various cytoplasmic components (i.e., damaged organelles, mis-
folded proteins and intracellular pathogens), and then fuse with lysosomes
for degradation. We found that co-expression of Nef and CD4 in HeLa cells
caused significant accumulation of the autophagosomal marker, microtubule-associated protein 1 light chain 3 (LC3) on highly motile subcellular vesicles.
This occurred within 2-3 days of Nef expression and could be monitored by
imaging of single cells or by flow cytometry in large cell populations. In the
absence of Nef, CD4-expressing cells showed very few autophagosomes.
LC3-containing vesicles resided in close proximity or overlapped with
Nef-containing vesicles in cells co-expressing CD4 and Nef. Since Nef is
known to trigger CD4 downregulation, we next looked to see if CD4 was
associated with vesicles positive for LC3 and Nef. For this experiment, we
inhibited autophagosome fusion with lysosomes using the drugs bafliomycin
or chloroquine since this increases autophagosome number within cells. Both
drug treatments led to extensive co-localization of CD4 in LC3-positive ves-
icles. When Nef-expressing cells were treated with 3-methyl adenine to
inhibit autophagy, CD4 was still internalized from the plasma membrane
but was retained in static endocytic structures rather than being transferred
to highly dynamic structures as occurred without the inhibitor. These results
suggest that cellular autophagy machinery is involved in transferring CD4
from the endosomal system to lysosomes during Nef-induced downregulation
of this protein.
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Bidirectional Microtubule-Based Transport in Axons
Ludger Santen1, Maximilian Ebbinghaus1, Cecile Appert-Rolland2.
1Theoretical Physics, Saarland University, Saarbru¨cken, Germany,
2Laboratoire de Physique The´orique, Universite´ Paris-Sud and CNRS, UMR
8627, Orsay, France.
Cellular automata have proven to be useful tools for the modelling of the
collective behavior of molecular motors in in vitro experiments. The mod-
elling of in vivo axonal transport requires to describe bi-directional transport.
It is still an open question to understand how it can be organized. In this contri-
bution we shall review several possible scenarios. On the one-hand, it has been
postulated that interactions between motors could lead to lane formation. This
phenomenon is highly dependent on the possibility to diffuse or not around the
microtubules that serve as tracks for the motors - a possibility that is reduced in
the crowded axonal environment. On the other hand, the network of microtu-
bules is itself highly dynamical. It has been shown on a simplied model that
a transition from blocked to efficient bidirectional transport could be induced
by having a dynamical underlying lattice. Some real experiments also support
the existence of a link between network dynamics and transport. Actually these
scenarios should not be considered as competing, but rather as cooperative
scenarios. We shall review the results already obtained and discuss the missing
informations that should be obtained from experiments to be able to develop a
new generation of more realistic models.
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Substrate Bound Outward-Open State of the Symporter BetP: Insights
Into Sodium and Substrate Binding and Coupling
Camilo Perez1,2, Belinda Faust1,3, Ahmad R. Mehdipour1,
Kevin A. Francesconi4, Lucy R. Forrest1,5, Christine Ziegler1,6.
1Max Planck Institute of Biophysics, Frankfurt am Main, Germany, 2ETH,
Zu¨rich, Switzerland, 3Structural Genomics Consortion, University of Oxford,
Oxford, United Kingdom, 4Karl-Franzens University, Graz, Austria,
5National Institute of Neurological Disorders and Stroke, National Institutes
of Health, Bethesda, MD, USA, 6University of Regensburg, Regensburg,
Germany.
BetP is a Naþ-coupled symporter that is able to accumulate betaine in molar
amounts during hyperosmotic stress by coupling substrate transport to the
Naþ electrochemical potential. BetP shares the highly conserved fold of
two-inverted structural repeats with other sequence unrelated secondary trans-
porters, e.g., LeuT, a bacterial homolog of the medically important neurotrans-
mitter transporter family. Recently, we obtained atomic structures from BetP in
distinct conformational states, elucidating parts of the alternating access mech-
anism of BetP, and suggesting a common mechanistic principle in LeuT-like
fold transporters. However, as the substrate-bound outward-open state of
BetP was still lacking from the collection of conformational states, the funda-
mental question about the first coupling step, i.e., the sequential binding of
substrate and sodium ions, remained unanswered. Here, we report on a structure
of a Naþ-coupled choline-transporting BetP mutant (G153D) in the substrate-
bound outward-open state in complex with arseno-choline, which allows us to
complete the molecular description of the alternating-access cycle of BetP. Our
structural results confirm substrate binding by arsenic anomalous scattering,
and in combination with molecular dynamics simulations, reveal key features
